Transforming growth factor (TGF)-␤ plays a central role in lung fibrosis, stimulating extracellular matrix deposition. Intracellular signaling of TGF-␤ is mediated by Smad proteins. We questioned whether the expression and activation of Smads would be altered in lung fibroblasts from rats exposed to bleomycin, an agent used to provoke an experimental model of lung fibrosis. Fibroblasts were isolated from rat lungs 14 d after intratracheal instillation of bleomycin (BLF) or saline (NLF), and cell cultures established. Whole cell lysates were obtained at baseline, and after stimulation with TGF-␤1 (10 ng/ml). Western blot analysis was performed to measure levels of phosphorylated Smad3 (p-Smad3) and Smad7. Real-time PCR was used to determine changes in Smad7 mRNA after TGF-␤ stimulation. We found increased baseline levels of p-Smad3 in BLF versus NLF (P Ͻ 0.05). In contrast, baseline levels of Smad7 were comparable. The ratio of stimulatory to inhibitory Smads was increased in BLF compared with NLF (P Ͻ 0.05). After stimulation with TGF-␤, levels of p-Smad3 were increased in both groups, with maximal responses at 30 min (P Ͻ 0.01). While Smad7 mRNA levels were significantly upregulated (at 1 h) after TGF-␤ in both groups, the increase in Smad7 protein was significant in NLF only. We conclude there is sustained activation of Smad signaling in lung fibroblasts isolated from bleomycin-exposed rats, with an imbalance between the levels of p-Smad3 and Smad7. Insufficient levels of the inhibitory Smad7 at baseline, and inadequate response to TGF-␤, may contribute to the fibrotic phenotype characteristic of BLF.
Idiopathic pulmonary fibrosis (IPF) is a progressive and usually fatal lung disease, of unknown etiology, and for which there is currently no effective treatment (1, 2) . IPF is characterized histologically by the presence of fibroblastic foci, which are sites of fibroblast/myofibroblast proliferation and extracellular matrix deposition (3) . The chemotherapeutic agent bleomycin has been used to induce an experimental model of lung fibrosis in rodents. Although imperfect, the model shares several features with IPF, including heterogeneous distribution of fibrosis, accumulation of extracellular matrix molecules, and differentiation of fibroblasts into a myofibroblast phenotype (3, 4) .
Transforming growth factor (TGF)-␤ is a multifunctional cytokine, with an essential role in wound healing and tissue repair after injury (5) . TGF-␤, in particular the TGF-␤1 isoform, has been widely implicated in tissue fibrosis (6) . In IPF, TGF-␤1 is increased at sites of extracellular matrix gene expression (7) . Overexpression of TGF-␤1 along alveolar surfaces in experimental rats results in severe and prolonged pulmonary fibrosis (8) . Conversely, inhibition of TGF-␤ by antibodies, soluble recep-tors, or expression of the proteoglycan decorin markedly diminishes the fibrotic response to bleomycin (9) (10) (11) .
TGF-␤ isoforms bind to transmembrane serine/threonine kinase receptors and activate intracellular mediators known as Smads. TGF-␤ first binds to the TGF-␤ type II receptor, resulting in phosphorylation of the type I receptor. The TGF-␤ type I receptor then phosphorylates the receptor-regulated (R-Smad) Smad2 or Smad3. Once activated, the R-Smads associate with the "common" Smad (co-Smad) Smad4. This complex translocates to the nucleus, where transcriptional responses are elicited on many target genes, either directly or through interaction with transcription factors. The inhibitory Smad7 prevents R-Smad phosphorylation by binding to the type I receptor, and constitutes an auto-regulatory loop in TGF-␤ signal transduction (12, 13) .
We have conducted studies in the bleomycin rat model to investigate the role of TGF-␤ and Smad signaling in the fibrotic process. Myofibroblasts isolated from bleomycin-exposed animals demonstrated increased production of TGF-␤ and enhanced secretion of the extracellular matrix constituents, proteoglycans (14) . Experiments in whole lung from animals exposed to bleomycin showed that Smad expression was altered. Using cytosolic and nuclear lung tissue extracts, we found increased nuclear levels of Smad3 at days 7 and 14, increased nuclear levels of phosphorylated Smad2/3 at days 7, 14, and 28 and decreased cytosolic levels of Smad7 at days 7, 14 and 28 after bleomycin exposure (15) .
Fibroblasts and myofibroblasts are the putative cells responsible for extracellular matrix production in the fibrotic process (14, 16) . Based on our previous findings, we postulated that myofibroblasts were the key cell involved in the altered expression of Smads observed in the bleomycin-exposed animals. We hypothesized that an imbalance between receptor-regulated and inhibitory Smads, and an altered response to TGF-␤, could explain the enhanced fibrotic reaction typical in this model. Therefore, we isolated fibroblasts from rat lungs 14 d after bleomycin or saline exposure, and measured the expression of Smad signaling molecules at baseline and after TGF-␤1 stimulation.
MATERIALS AND METHODS

Materials
Dulbecco's modified Eagle's medium (DMEM) was purchased from Gibco, Invitrogen Corporation (Burlington, ON, Canada). LabTekII chamber glass slides were obtained from Nalge Nunc International (Naperville, IL). Hoechst 33258 came from Molecular Probes (Eugene, OR) and PermaFluor from Thermo Electron Corporation (Pittsburgh, PA). The protease inhibitor cocktail (Complete Mini) was from Roche (Laval, PQ, Canada), and the BCA Protein Assay Kit was obtained from Pierce (Rockford, IL). Bleomycin was obtained from BristolMyers Squibb (Princeton, NJ). Recombinant Human TGF-␤1 was purchased from R&D Systems (Minneapolis, MN). Antibodies were obtained from the following sources: vimentin and ␣-smooth muscle actin (␣-SMA) antibodies from Sigma (St. Louis, MO); p-Smad2/3 (sc-11769-r) and Smad7 (sc-7004) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA); p-Smad3 (#9514) from Cell Signaling (Beverly, MA); Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 546 goat anti-rabbit IgG from Molecular Probes (Burlington, ON, Canada). The p-Smad2/3 antibody is a rabbit polyclonal antibody that recognizes both phosphorylated Smad2 and Smad3, with greater affinity for Smad3. The Smad7 antibody is a goat polyclonal antibody, raised against a peptide of Smad7 of human origin, and that also recognizes Smad7 of rat origin. The p-Smad3 antibody is a rabbit polyclonal antibody, raised against a synthetic phospho-peptide corresponding to residues surrounding Ser433 and Ser435 of human origin. PVDF membranes (Hybond-P) and ECL plus were purchased from Amersham Biosciences (Baie d'Urfé , PQ, Canada). RNA isolation kit (RNeasy kit) and Smad7 primers (QuantiTect primer assay QT00188699) were purchased from Qiagen (Mississauga, ON, Canada). SuperScript II reverse transcriptase, RNase inhibitor, DTT, dNTPs, and 5X FS buffer were all from Invitrogen. Actinomycin D was obtained from Sigma.
Experimental Design
Pulmonary fibrosis was induced in male Sprague-Dawley rats by a single intratracheal instillation of 1.5 units of bleomycin in 0.3 ml saline. Control rats received an equal volume of saline only. The animals were killed at 14 d by exsanguination under pentobarbital sodium anesthesia. After perfusion with sterile PBS, the lungs were excised. All animal experiments were performed in accordance with institutional guidelines (McGill University, Montreal, PQ, Canada).
Primary Rat Lung Fibroblast Culture
Cultures of rat lung fibroblasts were established by enzymatic dissociation of finely minced lung tissue as previously described (14) . Fibroblasts were cultured at 37ЊC in a 5% CO 2 incubator, in DMEM containing 10% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, and 250 ng/ml amphotericin. Experiments were performed with fibroblasts (n ϭ 3 for both BLF and NLF) between the fifth and eighth passages.
Immunofluorescence Imaging
Immunofluorescent staining was used to detect vimentin, ␣-SMA, and expression of p-Smad2/3 in BLF and NLF. Fibroblasts were seeded at 5,000 cells per well and grown to subconfluence on 8-well LabTekII chamber glass slides. Staining was performed in baseline conditions and after overnight serum starvation followed by stimulation with TGF-␤1 (10 ng/ml) for 30 min. Cells were washed in PBS and fixed in ice-cold methanol for 10 min at Ϫ20ЊC. After blocking with 20% normal goat serum in PBS for 1 h at room temperature, cells were incubated with the antibody against vimentin, ␣-SMA, or p-Smad2/3 (10 g/ml) overnight at 4ЊC. The cells were washed in PBS and incubated with fluorescent goat anti-mouse or goat anti-rabbit IgG for 1 h at room temperature. After washing the cells again in PBS, the nuclei were stained with Hoechst, and the slides were mounted with PermaFluor. Negative controls were processed in a similar fashion, except incubation with the primary antibody was omitted. The slides were examined using the BX51 Olympus fluorescence microscope attached to a CoolSNAPPro color digital camera (Carsen Group, Markham, ON, Canada).
Western Blot Analysis
Whole cell lysates were prepared at baseline, and after stimulation with TGF-␤1 (10 ng/ml) at the following time points: 0, 30 min, 1 h, 6 h, 12 h, 18 h, 24 h, 36 h, and 48 h. The lysis buffer consisted of 150 mM NaCl, 10 mM Tris, 1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, and 2 mM sodium orthovanadate, to which a protease inhibitor cocktail was added. Protein concentration was determined by the Bradford technique. Equal amounts of protein (20-30 g ) were resolved in a 10% polyacrylamide gel and transferred to PVDF membranes overnight at 30 V. Membranes were blocked with 5% dry milk in Tris-buffered saline with 0.1% Tween20 (TBST), or 5% bovine serum albumin (BSA) in TBST before incubation with the p-Smad3 antibody. Membranes were then immunoblotted with primary antibodies (p-Smad3 and Smad7) at a dilution of 1:1,000 in 5% BSA in TBST for 1 h at room temperature. After washing with TBST, the membranes were incubated with a 1:10,000 dilution of horseradish peroxidase-conjugated anti-goat or anti-rabbit antibody. Detection was performed using enhanced chemiluminescence. To confirm equal protein loading and transfer, membranes were stripped (in a buffer containing 62.5 mM Tris HCl pH 6.7, 2% SDS, and 100 mM ␤-mercaptoethanol) and reprobed using anti-actin antibodies. Densitometric analysis was accomplished with an image analyzer software, the Fluorchem FC800 system (Alpha Innotech, San Leandro, CA). Density values for Smad levels were normalized to the actin values.
RNA Extraction and Real-Time RT-PCR
Changes in Smad7 mRNA levels after TGF-␤1 stimulation were measured by real-time RT-PCR. In addition, Smad7 mRNA stability was assessed. After stimulation with TGF-␤1 for 1 h, Actinomycin D (5 g/ml) was added to the lung fibroblast cultures and RNA extraction performed at times 0, 0.5, 1, 1.5, 2, 4, 6, and 8 h. Total RNA was extracted using the Qiagen RNA isolation kit, according to the manufacturer's instructions. Reverse transcription of 500 ng of total RNA was performed in a total volume of 20 l consisting of SuperScript II reverse transcriptase, RNase inhibitor, 0.1M DTT, dNTPs, 5X FS buffer, and RNase-free water. One microliter of cDNA was PCR-amplified in a reaction volume of 20 l containing QuantiTect Smad7 primers, SYBR Green Supermix and RNase-free water. One microliter of cDNA was also amplified for ribosomal S9 RNA, using S9 primers at 500 nM and a similar reaction mixture. PCR was performed for 41 cycles, consisting of 94ЊC for 15 s followed by 60ЊC for 30 s and 72ЊC for 23 s, using the LightCycler (Roche). Standard curves for quantification of Smad7 and S9 cDNA were constructed by serial 10-fold dilution of purified cDNA. Quantification of the amplified products was performed by melting curve analysis, with data normalized to S9 RNA. PCR mixtures without cDNA were included in all reactions to exclude possible contamination.
Statistical Analysis
All values are reported as means Ϯ SE of three observations. Student's unpaired t test was used to analyze the differences in p-Smad3 and Smad7 levels in NLF and BLF at baseline. One-way ANOVA was used to analyze changes in p-Smad3 and Smad7 mRNA and protein in response to TGF-␤ in the two groups, followed by Dunnett's multiple comparison test. Differences were considered statistically significant at a P level of 0.05.
RESULTS
Characterization of Isolated Lung Fibroblasts
Phenotypic characterization of NLF and BLF by immunofluorescence has been previously described (14) . Both NLF and BLF stained positively for vimentin (a fibroblast marker), with no discernable difference in the staining pattern. In contrast, only weak staining was observed for ␣-SMA (a smooth muscle marker) in NLF, while the major proportion of BLF stained positively for ␣-SMA, reflecting differentiation into a myofibroblast phenotype (data not shown).
Immunofluorescence Detection of p-Smad2/3 in BLF versus NLF
Immunofluorescence microscopy was used to detect levels of p-Smad2/3 in BLF and NLF. At baseline, staining for p-Smad2/3 was increased in BLF compared with NLF ( Figures 1A and 1B) . The immunofluorescence signal was concentrated in the nucleus, as evidenced by counter-staining with Hoechst ( Figures 1C and  1D) . Stimulation with TGF-␤1 (10 ng/ml) for 30 min resulted in a similar increase in nuclear staining of p-Smad2/3 in both BLF and NLF ( Figures 1E and 1F ).
Baseline Smad Expression in BLF versus NLF
Western blot analysis was used for comparison of the levels of p-Smad3 and Smad7 in BLF and NLF. At baseline, levels of p-Smad3 were increased ‫ف‬ 3-fold in BLF compared with NLF ( Figure 2A , P Ͻ 0.05). In contrast, baseline levels of the inhibitory Smad7 were comparable in BLF and NLF ( Figure 2B) . We calculated the ratio of p-Smad3/Smad7 (both values normalized to actin) in BLF and NLF. The ratio was ‫ف‬ 4-fold greater in BLF compared with NLF ( Figure 2C , P Ͻ 0.05). We questioned whether direct exposure of fibroblasts to bleomycin could lead to activation of p-Smad3. After incubation of NLF with bleomycin (1, 10, and 100 g/ml for 24 or 48 h), no significant changes in p-Smad3 levels were observed (data not shown).
Levels of p-Smad3 in Response to TGF-␤1
We examined the response of BLF and NLF to stimulation with TGF-␤1 at various time points. Levels of p-Smad3 were significantly increased in both BLF and NLF, 30 min and 1 h after stimulation with TGF-␤1 10 ng/ml ( Figures 3A and 3B , P Ͻ 0.01 and P Ͻ 0.05). Comparison of the response in BLF versus NLF revealed no significant difference in p-Smad3 levels after TGF-␤ stimulation. Within 24 h of stimulation, levels of p-Smad3 returned to baseline levels, with BLF returning to their higher initial value.
Regulation of Smad7 in Response to TGF-␤1
We questioned whether the regulation of Smad7 in response to TGF-␤ would be altered in BLF versus NLF. Levels of Smad7 mRNA were measured at baseline and 1, 2, 6, and 24 h after stimulation with TGF-␤1 (10 ng/ml). Baseline levels of Smad7 mRNA were comparable in BLF and NLF. After stimulation with TGF-␤1, levels of Smad7 mRNA were rapidly upregulated in both BLF and NLF, with a maximal increase 1 h after TGF-␤ ( Figure 4A , P Ͻ 0.01 for BLF and P ϭ 0.05 for NLF). Levels of Smad7 mRNA at 1 h after TGF-␤ were not significantly different between BLF and NLF. The decay of Smad7 mRNA, after TGF-␤ stimulation, was evaluated by blocking further transcription with Actinomycin D. Stability of Smad7 mRNA was comparable in BLF and NLF, with a half-life of ‫ف‬ 30 min ( Figure  4B ). Smad7 protein levels were measured after TGF-␤ stimulation at various time points (12, 18, 24, 36 , and 48 h). There was a significant increase in Smad7 protein at 24, 36, and 48 h after TGF-␤ stimulation in NLF only (Figures 5A and 5B, P Ͻ 0.05, one-way ANOVA). 1, 6 , 24, and 48 h after stimulation with TGF-␤1 (10 ng/ml). Data are normalized for actin, and represent mean Ϯ SE, with n ϭ 3 in each group. *P Ͻ 0.05, **P Ͻ 0.01 for changes in p-Smad3 over time.
DISCUSSION
Pulmonary fibrosis remains a difficult clinical problem, with limited therapeutic options. Progress has been made, over the past decade, in defining the various clinical entities that constitute the idiopathic interstitial pneumonias (3). A paradigm shift has occurred, from viewing lung fibrosis as an inflammatory process culminating in fibrosis, to recognizing the process as constituting "abnormal wound healing" (17) . Much remains to be understood about the molecular mechanisms underlying this exuberant fibrogenesis. TGF-␤ is known to be a key mediator of tissue fibrosis at multiple sites (5). We previously examined changes in Smad expression, critical mediators of TGF-␤ signaling, in whole lung tissue extracts from bleomycin-exposed rats (15) . In the current experiment, we sought to elucidate the patterns of Smad expression in isolated lung fibroblasts, the putative effector cells in pulmonary fibrosis, after in vivo exposure to bleomycin.
We found that baseline levels of phosphorylation of the receptor-regulated Smad3 were increased in BLF compared with NLF. Despite this increased activation of TGF-␤ signaling, levels of the inhibitory Smad7 were comparable between the two groups of fibroblasts. This finding suggests an imbalance between positive and negative intracellular mediators of TGF-␤ signaling in lung fibroblasts, after bleomycin exposure. We also examined changes in the levels of p-Smad3 and Smad7 in response to TGF-␤1 stimulation. While the pSmad3 response was similar in BLF and NLF, changes in Smad7 protein were more substantial in NLF.
Some aspects of the study design warrant further discussion. We isolated lung fibroblasts at a single time point after bleomycin exposure. We chose this time point based on the findings of previous studies done in our laboratory. Ebihara and coworkers reported on the temporal changes in extracellular matrix and tissue viscoelasticity in bleomycin-induced lung fibrosis (18) . Maximal increases in resistance and elastance were observed at 14 d after bleomycin exposure. Concurrently, increases in the proteoglycans versican, heparin sulfate proteoglycan (HSPG), biglycan, and fibromodulin measured in whole lung extracts were also maximal (18) . Venkatesan and colleagues examined the expression of proteoglycans in rat lung fibroblasts 14 d after in vivo bleomycin exposure, and again detected increased production of proteoglycans in BLF compared with NLF. In addition, in the whole lung tissue experiments, Smad signaling was significantly altered 14 d after bleomycin exposure (15) . We performed experiments with fibroblasts between the fifth and eighth passages. Phan and coworkers previously reported increased collagen synthesis in lung fibroblasts isolated from bleomycin-treated rats compared with controls; differences in collagen production persisted at the same level until the tenth passage (16) . The limitations of the intratracheal bleomycin model of lung fibrosis have been recently emphasized by Borzone and colleagues (19) . While the bleomycin model is not equivalent to IPF, it reproduces key morphologic features of pulmonary fibrosis, and remains a critical model both for the elucidation of fibrogenesis mechanisms and assessment of potential therapies (4, 20) .
Upon binding of TGF-␤ to its receptor, the receptorregulated Smad2 and Smad3 become phosphorylated and translocate to the nucleus, where the promoters of various target genes are activated either directly or through interaction with a variety of transcription factors (12, 13). We chose to examine the activation of Smad3 more specifically, because of mounting evidence that Smad3 is a critical mediator of the fibrotic response (21) . The nonredundant functions of Smad2 and Smad3 are reflected in significant differences in their respective knockouts: Smad2-null mice do not survive beyond embryogenesis, whereas Smad3-null mice are viable but exhibit defects in mucosal immunity and die at 1-6 mo of age (21) . Among the target genes activated by TGF-␤ are a variety of extracellular matrix genes, including COL1A1 and COL1A2 (22) , and the dependence of this process on Smad3 has been demonstrated in dermal fibroblasts (22, 23) . The high levels of p-Smad3 found at baseline in BLF, in the current experiment, may therefore contribute to their fibrogenic phenotype.
Smad7 is a TGF-␤-inducible antagonist of TGF-␤ signaling that was initially identified in 1997 by Nakao and coworkers (24) . Upon activation of the TGF-␤ receptor, Smad7 mRNA is rapidly up-regulated, and down-regulation of TGF-␤ signaling occurs via two mechanisms. Smad7 binds the activated TGF-␤ receptor and prevents phosphorylation of the receptor-regulated Smads. In addition, Smad7 recruits ubiquitin ligases to the TGF-␤ type I receptor, with subsequent protein degradation (13) . In the current experiment, we describe baseline levels of p-Smad3 ‫ف‬ 3 times higher in BLF versus NLF. This is consistent with the increased secretion of TGF-␤1 by bleomycin-exposed fibroblasts we reported in a previous experiment (14) , and suggests that autocrine TGF-␤1 signaling by BLF may be contributing to the maintenance of abnormally elevated baseline levels of p-Smad3. However, despite this increased activation of TGF-␤ signaling, we found similar levels of Smad7 in BLF compared with NLF. The overall state of activation of the cell, as determined by the ratio of p-Smad3 to Smad7, therefore favored positive intracellular signaling of TGF-␤.
These results are consistent, in part, with our previous findings in whole lung extracts, where at 14 d after bleomycin exposure we found an ‫ف‬ 2-fold increase in nuclear phosphorylated Smad2/3, but decreased cytoplasmic expression of Smad7 (15) . The increased levels of p-Smad3 are comparable between the two studies; the modest difference likely relates to the fact that the nuclear extracts used in the previous study were derived from all lung cell types, not just fibroblasts. In contrast, we found comparable baseline levels of Smad7 mRNA and protein in BLF and NLF, not the paradoxical decrease in Smad7 we previously observed in cytoplasmic whole lung extracts, at 14 d after bleomycin exposure. We cannot rule out that another cell type involved in the early response to bleomycin contributed to this decrease in Smad7. We chose to examine fibroblasts in the current experiment, as this is the putative cell type responsible for enhanced matrix deposition in lung fibrosis. However, it is likely that other cells (e.g., epithelial cells) also contribute to the disordered expression of Smads seen in the whole lung. We are unaware of data on this question in either IPF or the bleomycin model of lung fibrosis, but there is some information available from airway biopsies in patients with asthma. Nakao and colleagues (25) showed decreased Smad7 immunoreactivity in epithelial cells of bronchial biopsies from remodeled asthmatic airways as compared with control airways. Further, the expression of Smad7 in bronchial epithelial cells was inversely correlated to basement membrane thickness and airway hyperresponsiveness.
The concept of an imbalance between receptor-regulated and inhibitory Smads has been reported in other fibrotic disease processes. Systemic sclerosis (scleroderma) is characterized by excessive deposition of extracellular matrix, resulting in progressive cutaneous and visceral fibrosis. Dong and coworkers (26) obtained dermal fibroblasts from patients with scleroderma and from control subjects, and found decreased basal Smad7 expression in scleroderma fibroblasts. In contrast, Smad3 expression was increased, as was phosphorylation of Smad2 and 3. In a murine model of scleroderma induced by subcutaneous injections of bleomycin, increased phosphorylation of Smad2/3 with relative Smad7 deficiency was also noted (27) . Fukasawa and colleagues (28) noted diminished levels of Smad7 protein in a model of progressive renal fibrosis induced by unilateral ureteral obstruction, while immunoreactivity for nuclear phosphorylated Smad2 and 3 and fibrosis were increased. Decreased Smad7 expression has also been shown to contribute to myocardial fibrosis in the infarcted rat heart (29) . In contrast, relatively little is known about changes in Smads in fibrotic pulmonary disease.
We examined changes in p-Smad3 and Smad7 after stimulation with TGF-␤. We found rapid increases in p-Smad3 in BLF and NLF, peaking at 30 min after TGF-␤ in both groups of fibroblasts. We suspect phenotypic differences between BLF and NLF relate to baseline activation of TGF-␤ signaling in BLF, rather than differential response to TGF-␤, per se. We also examined changes in Smad7 after TGF-␤ at the mRNA and protein level. Smad7 is known to be rapidly induced in response to TGF-␤ stimulation. Inadequate upregulation of Smad7 in response to TGF-␤ could result in a deficient down-regulation of TGF-␤ signaling and persistent cellular activation. Using realtime PCR, we found rapid increases in Smad7 mRNA in both BLF and NLF, suggesting that the auto-regulatory response to TGF-␤ persisted despite insufficient levels of Smad7 at baseline in BLF. In addition, the stability of the induced Smad7 mRNA was comparable in BLF and NLF. This is in contrast to the results of Dong and associates (26) , who showed decreased induction of Smad7 mRNA in response to TGF-␤ in dermal fibroblasts isolated from patients with scleroderma versus control subjects. In the current study, the Smad7 protein response to TGF-␤ was diminished in BLF compared with NLF. This finding suggests that a defect in the post-transcriptional regulation of Smad7 may be present in BLF. Increased ubiquitin-dependent degradation of Smad7, as described by Fukasawa and colleagues (28) in a model of renal fibrosis, could also contribute to the inadequate levels of Smad7 protein. Further investigation of the regulation of Smad7 in response to TGF-␤ in this model is warranted.
Modulation of Smad signaling holds promise as a therapeutic modality for pulmonary fibrosis. It represents an alternative to systemic blockade of TGF-␤, which while effective in inhibiting fibrosis, would almost certainly result in unacceptable toxicity (30) . Smad3 deficiency attenuates bleomycin-induced pulmonary fibrosis, making it a potential target for antifibrotic therapy (31) . Transient gene transfer and overexpression of Smad7 was shown to prevent bleomycin-induced pulmonary fibrosis in mice (32) . Overexpression of Smad7 also inhibits the fibrotic effect of TGF-␤ on renal tubular epithelial cells, and prevents liver fibrosis in rats (33, 34) . Halofuginone, a low-molecular-weight plant alkaloid, rapidly induces expression of Smad7 mRNA and reduces TGF-␤-induced phosphorylation of Smad2 and 3 (35) . Halofuginone has been shown to ameliorate radiation-induced fibrosis, and one study has demonstrated reduction in bleomycin-induced pulmonary fibrosis (36) . A novel, orally active TGF-␤ receptor I kinase inhibitor was recently shown to inhibit the initiation and progression of lung fibrosis induced by adenovirus-mediated gene transfer of TGF-␤1 (37) . Interestingly, short-term drug administration halted the progression of fibrosis, suggesting that a similar approach could be effective in treating chronic fibrosis while limiting the toxicity associated with long-term systemic inhibition of TGF-␤.
In conclusion, we have demonstrated that lung fibroblasts, isolated from rats after exposure to bleomycin, demonstrate an imbalance between the level of activation of the receptorregulated Smad3 and the inhibitory Smad7. Insufficient negative feedback on TGF-␤ signaling by Smad7 is likely to contribute to maintenance of a pro-fibrotic phenotype in these cells. Modulation of intracellular TGF-␤ signaling represents a potential therapeutic target for pulmonary fibrosis.
